Background
Methods
This analysis used samples obtained from children in the Kisumu Breastfeeding Study (KiBS). KiBS was a longitudinal phase IIB, open-label, one-arm clinical trial, designed to investigate the safety, tolerability and effectiveness of a maternal triple-antiretroviral (ARV) regimen for prevention of mother-to-child transmission (PMTCT) of HIV, during late pregnancy and early infancy while breastfeeding. Blood samples from 482 children were obtained at birth, 2, 6, 10 and 14 weeks and 6, 9, 12, 18 and 24 months. Severity of anemia was graded using the NIH Division of AIDS (DAIDS) toxicity tables. We describe the proportion of children with anemia and anomalies in red blood cell parameters at various time points over 24 months and compare rates of anemia between HIV-infected and HIV-uninfected children and by mothers' ARV regimen and infant malaria infection.
Results
The proportion of children with anemia significantly increased after the breastfeeding period in both HIV-infected and HIV-uninfected children with higher proportion among HIV-infected
Introduction
The World Health Organization (WHO) estimates that 3.4 million children younger than 15 years of age are infected with human immunodeficiency virus (HIV) worldwide, with the majority (92%) living in sub-Saharan Africa [1] . Most HIV infections in children occur via mother-to-child transmission (MTCT) and can be prevented by administration of antiretroviral (ARV) drugs during pregnancy and during the breastfeeding period in settings where breastfeeding is practiced among HIV-infected mothers [2] [3] [4] [5] [6] . Anemia in children is usually multifactorial; it can result from infectious diseases, nutritional deficiencies, and genetic factors, and the relative significance of each varies by geographic location, season and age [7, 8] and contributes to pediatric morbidity and mortality [9] . The pathophysiology of anemia in children is complex and can be difficult to interpret in the setting of the dynamic changes associated with normal hematological development [10] . In resource-poor and tropical settings, anemia is mainly caused by underlying nutritional deficiencies and endemic parasitic infections, such as malaria and helminthes, which lead to red blood cell destruction, decreased production or loss. In sub-Saharan Africa, hemoglobinopathies such as sickle cell disease represent an additional cause of anemia [11] .
HIV infection in children is often complicated by anemia, which can result from the direct effect of HIV on bone marrow cells [12, 13] , HIV-related opportunistic infections, certain ARVs, or HIV-unrelated conditions [7, 11, 12, 14] . The negative impact of HIV on anemic children worsens with the duration of HIV infection and the risk of anemia-associated morbidity and mortality is increased [10, 15] . In the context of HIV-associated anemia, zidovudine, given to children as treatment or for prevention of mother-to-child transmission (PMTCT) of HIV, can result in anemia through suppression of erythropoiesis [16, 17] .
Anemia results in the decreased capacity of red blood cells to transport oxygen throughout the body and may be associated with general signs and symptoms including weakness, fatigue, lassitude, tachypnea and tachycardia [11] . Moderate anemia leads to a reduction in the quality of life; severe anemia can result in heart failure and death [18] . Whilst low hemoglobin levels represent the hallmark of anemia, other red cell indices such as mean corpuscular volume (MCV), red cell distribution width (RDW) and the red blood cell (RBC) count, in addition to other biochemical markers of iron status like serum ferritin and transferrin, provide further information on the pathophysiology and etiology of anemia. Based on the red blood cell shape and mode of reduction, anemia is classified either morphologically as normocytic, microcytic or macrocytic or pathophysiologically as excessive destruction, loss or diminished red cell production [11] .
We evaluated episodes of anemia among HIV-infected and HIV-uninfected but exposed children whose mothers took triple-ARV prophylaxis during pregnancy (from 34-36 weeks gestation) and through 6 months of breastfeeding in a resource-limited setting where malaria, helminths and nutritional deficiency [16] are common causes of anemia. We investigated the effect of maternal triple-ARV prophylaxis and childhood malaria on red blood cell parameters.
Materials and Methods

Study population and drug regimen
The samples used in this analysis were obtained from children participating in the Kisumu Breastfeeding Study [6] , a phase IIB, open-label, one-arm clinical trial that investigated the use of maternal triple-ARV prophylaxis for PMTCT. The study methods have been described previously [6] . In summary, HIV-1-infected pregnant women were enrolled at 34-36 weeks gestation and were counseled to exclusively breastfeed for 5.5 months then wean rapidly by 6 months post-partum. Screening evaluation included CD4+ T-lymphocyte count and complete blood count. Women with hemoglobin <7.0g/dL were excluded. ) at initiation or subsequently through the study period were continued on ARVs. Mother and infant pairs were followed for 24 months postpartum, and all mothers and HIV-1-infected children were managed and treated according to the national guidelines and linked to HIV care and treatment centers at exit from the study. Most HIV-1-infected children were initiated on triple-ARV combination therapy (containing zidovudine) based on the Kenya ministry of health guidelines.
Blood sample collection and laboratory testing
Infant whole blood samples (5ml) were collected in EDTA vacutainer tubes (Becton Dickinson, San Jose, CA, USA) at each scheduled visit. This was used for complete blood count and to prepare dried blood spots for HIV-1 diagnosis routinely. Scheduled infant visits were at delivery (0-7 days), 2, 6, 10, 14 weeks, and 6, 9, 12, 18, and 24 months. Blood was not drawn from children with known hemoglobin less than 5g/dL unless this was done immediately prior to a scheduled transfusion.
Complete Blood count (CBC): was done using Coulter ACT 5diff CP analyzer (Beckman Coulter, France). Red blood cell indices included hemoglobin (Hgb), hematocrit (hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), red blood cell count and red blood cell distribution width (RDW) were determined for each infant at all study time points. The 1994 pediatric toxicity tables of the Division of AIDS (DAIDS), US National Institutes of Health was used to assess the degree of Hgb toxicity (graded 1-4 depending on degree of severity) [19] . Abnormal laboratory findings at each study time point were confirmed by repeat testing within 72 hours. All critical values (Grade 3&4) were reported within an hour to the study clinician.
HIV diagnosis: HIV-1 DNA PCR was performed on infant dried blood spots using the Roche Amplicor version 1.5 (Roche Diagnostic System, Branchburg, New Jersey, USA) as previously described [6] . The evaluation was done in real-time on all children's specimens at 14 weeks, 6 and 9 months postpartum. For specimens obtained at 18 and 24 months postpartum, enzyme-linked immunosorbent assay (ELISA) was used instead with confirmation of positive results by HIV-1 DNA PCR on the Roche Amplicor version 1.5 (Roche Diagnostic System, Branchburg, New Jersey, USA). For specimens testing HIV positive at 18 and 24 months, we sequentially tested previously collected samples by PCR to determine the time of first HIV positivity [6] .
Clinical Malaria diagnosis: Malaria infection was assessed whenever the infant was ill or anemic during scheduled and unscheduled study visits. Thick blood smears were prepared by adding 5μL of whole blood onto clean glass slides. After air drying, blood slides were stained using 10% Giemsa for 10 minutes. Using high power, 50 fields were examined by a trained microscopist before declaring a slide to be negative.
Definition and clinical management of adverse events
Due to the physiological changes that occur in childhood that lead to variations in the level of hemoglobin, the criteria for defining anemia changes with age. DAIDS categorizes severity of anemia according to age into grade 1 (mild), grade 2 (moderate), grade 3 (severe) and grade 4 (life threatening) [19] . Hemoglobin results that were consistently grade 3 to 4 were reported as severe adverse events. Data from unscheduled study visits which involved a diagnosis of anemia were also included. Investigation for anemia at unscheduled visits was undertaken for a subset of children based on clinical assessment of the suspected adverse event. All cases of severe anemia were treated for underlying causes and/or transfused if hemoglobin was graded as severe or life threatening with signs of congestive heart failure. The response to treatment was evaluated at a follow-up visit within 2 weeks by measuring hemoglobin concentration in addition to clinical examination. Children were treated based on the Kenya ministry of health guidelines.
Statistical analysis
All laboratory parameters were summarized by their means and standard deviations. Percentages were reported for categorical variables. The Mann-Whitney rank-sum test [20] was used to compare red blood cell parameters by visit for the following groups: HIV-infected versus HIV-uninfected, malaria-infected versus malaria-uninfected, maternal nevirapine-based versus nelfinavir-based triple-ARV prophylaxis, and HIV-1-infected children on treatment versus those not on treatment. An exact Pearson's chi-square test was used to compare anemia proportions at a particular visit between HIV-1-infected children and HIV-1-uninfected children by visit. Pearson's exact chi-square test was also used to compare the proportion of malaria case s during ARV intervention and post-intervention.
Log-binomial regression models [21] were used to fit time trends in malaria and anemia prevalence by incorporating covariates for HIV-1-infection group, infant age, and their interaction. Log-binomial regression was also used to model anemia proportions post-breastfeeding with the predictors HIV status, malaria status and their interaction. Linear regression was used to model hematological parameters post-breast feeding controlling for co-morbidity group. Generalized Estimating Equations (GEE) with an 'independent' working correlation matrix [22] was used in the above regression models to account for intra-individual correlation due to repeated observations on the same infant. Data were analyzed using SAS (SAS system for Windows 9.2; SAS, Inc., Cary, NC).
Ethical approval
This study and the consenting procedures were approved by the Ethical Review Committee of the Kenyan Medical Research Institute as well as the Institutional Review Board of the U.S. Centers for Disease Control and Prevention, Atlanta, GA, USA. Adult (18 years) pregnant women provided written informed consent while pregnant minors (15 and <18 years) had to receive written guardian consent as well as provide their assent. Consent on behalf of the infants enrolled was written and signed by the mothers and/or guardian.
Results
Characteristics of the study population
Five hundred and two live children were born to 500 HIV-1-infected women in the study between July 2003 and January 2007; 54% were male. Twenty children withdrew or died before the first scheduled study visit at 0-7 days postpartum. Thus, 482 children with at least one laboratory result were included in this analysis, of which 284 (59%) and 198 (41%) were exposed to maternal nevirapine-based and nelfinavir-based ARV prophylaxis respectively, in utero and via breast feeding.
HIV infection: Overall, 32 children were diagnosed with HIV-1 infection over the 24-month follow-up period. A majority of HIV diagnoses occurred within 6 months of life (n = 24), three between 6 and 12 months, four between 12 and 18 months and one after 18 months. Seven HIV-1-infected children died, and two withdrew during the study period. Seven children met the criteria for treatment initiation during follow-up and were initiated on a zidovudine-based regimen.
Clinical malaria: The proportion of children with clinical malaria at each visit was less than 5% up to 6 months postpartum, after which it more than doubled and remained high through 24 months, when it was 16%. There was no difference in malaria episodes among children with HIV-1 compared with those without HIV-1 over the study period. Seven HIV-1-infected children (22%) had at least one episode of malaria during the study period, and one (3%) had more than one episode of malaria. In the HIV-1-uninfected, 125 (28%) children had at least one episode of malaria, with 36 children (7%) having multiple episodes during this period. HIV-1-infected children had malaria diagnosed at 8 (5%) out of a total of 158 visits where a smear was available during the 24 month follow-up period. In the HIV-1-uninfected children, malaria was diagnosed at 168 (5%) visits out of a total of 3275 visits where a smear was available. Episodes of malaria were significantly lower in children of mothers on a nelfinavir-based regimen 36/2137 visits (2%) compared to those whose mothers were on a nevirapine-based regimen, 140/1296 visits (11%; p <0.01).
Frequency of anemia among children
The proportion of children with anemia increased over time in HIV-1-infected and HIV-1-uninfected children and was highest at 24 months postpartum (Table 1 ). The proportion of children with normal hemoglobin declined from over 70% at 6 months of age to less than 50% by 12 months of age in HIV-1-uninfected children. For HIV-1-infected children, the proportion of normal hemoglobin declined from over 90% at 6 weeks of age to less than 50% by 14 weeks of age (Table 1) .
Anemia in HIV-infected versus HIV-uninfected children. Both HIV-1-infected and HIV-1-uninfected children had CBC performed at each scheduled visit. Overall, the cumulative episodes (cases) of anemia at each time point among HIV-1-infected children (46 out of 219 visits (21%)) were significantly different from those among HIV-1-uninfected children (463 out of 3214 visits (14%)) (p = 0.01). In total, 49 children, accounting for 10% of total enrollment, had symptomatic severe anemia (grade 3 or 4) at some time point during the study follow-up period. However, the proportion of hospitalized cases of severe anemia was comparable between HIV-1-infected and HIV-1-uninfected children (3 children (9%) versus 46 children (9%), respectively). Cases of severe anemia peaked during the 6 to 12 month period (n = 19; 39%), coincident with cessation of breastfeeding and rise in malaria infections. There was an increased likelihood of progression to grade 2 or greater anemia in HIV-1-infected children compared to HIV-1-uninfected children after 6 months of age (Table 1) (RR: 1.72; CI: 1.22-2.44, p<0.01). Among the severe cases of anemia, four were transfused, and one died.
Evolution of red blood cell parameters over time in HIV-1-infected and HIV-1-uninfected children. Mean Hemoglobin: Mean hemoglobin levels in the HIV-1-infected children were significantly lower than in uninfected children at 14 weeks (10.1 g/dL versus 10.6 g/dL; p = 0.025), 6 months (10.0 g/dL versus 10.52 g/dL; p = 0.031) and were lowest at 24 months of age (9.5 g/dL versus 10.2 g/dL; p = 0.03) (Fig 1A) . In contrast to HIV-1-infected children, there was a non-significant increase in mean hemoglobin levels in the HIV-1-uninfected children from 18 months of age, but the level at 24 months remained below the lower limit of normal. Mean RBC and mean hematocrit (hct) followed a similar trend as hemoglobin with HIV-1-infected children having lower values than HIV-1-uninfected children. There was an increase in mean MCV and MCH over time in HIV-1-infected children and no difference in RDW between the two groups (Fig 1) .
Association of malaria and HIV infection with infant red blood cell parameters. An infant was only considered malaria-infected at the particular visit with documented asexual stage parasitemia. Co-morbid status of the infants in this analysis is summarized in Table 2 . HIV-1-uninfected children with malaria had lower mean hemoglobin concentration than HIV-1-uninfected children without malaria at each timepoint after 14 weeks of age (Fig 2A) , though none were significantly different (p>0.05). A similar observation was made between HIV-1-infected children without malaria and HIV-1-uninfected children without malaria except at the 24 month time point (9.4g/dL versus 10.2g/dL; p = 0.02). The mean red blood cell counts for the HIV-1-uninfected children with malaria versus without malaria were not significantly different throughout the 24 months follow up (Fig 2B) . The mean red blood cell counts of HIV-1-infected children without malaria were significantly lower than in HIV-1-uninfected children with malaria at 18 months (p0.01) and 24 months (p0.01) of age. The number of HIV-1-infected children with malaria was too small (n = 7) to allow for meaningful comparisons of hematologic indices by age with children in other categories of HIV/malaria status. Association of triple-ARV therapy with infant red blood cell parameters. We evaluated the effect of either maternal nevirapine-or nelfinavir-based triple-ARV therapy on hematologic indices of the HIV-1uninfected infant parameters. The proportion of children with anemia over the study period was not associated with mothers' triple-ARV therapy regimen (16% versus 14%; p = 0.11, for nevirapine versus nelfinavir-based regimen respectively). There was no difference in red blood cell indices in children whose mothers were on either of the two regimens (Fig 2A and 2B) . Hemoglobin levels were lower and continued to decline in HIV-1-infected children not on treatment compared to those on triple-ARV combination therapy reaching significance by 24 months of age (8.3 g/dL versus 10.0 g/dL, p = 0.009) (Fig 3A) . The red blood cell count in the treated children initially dropped, reaching a nadir by 12 months of age, after which the counts remained relatively stable through 24 months (Fig 3B) . However, in the untreated children, red blood cell counts continued to decline after 12 months of age.
Discussion
This analysis investigates the occurrence of anemia and hematological abnormalities among breastfed HIV-1-infected and HIV-1-uninfected children born to HIV-1-infected mothers in the Kisumu Breastfeeding study. Our results indicate that the proportion of children with anemia was higher in HIV-1-infected children than in HIV-1-uninfected children, consistent with previous findings in sub-Saharan Africa [7, 16] , confirming the negative impact of HIV on hematologic parameters. While lower than the proportion in HIV-infected children, the increased proportion of anemia in HIV-1-uninfected children after the breastfeeding period suggests an effect of nutritional deficiency in such a resource-poor setting. Breastfeeding is associated with improved infant health and a four-fold protection against mortality [23, 24] . Early cessation of breastfeeding, is associated with increased infant mortality and morbidity [25] ; however, in the context of HIV, the risk of HIV infection through breast milk necessitated earlier cessation (exclusive breastfeeding up to age 6 months) [26] than would be normally advocated. However, this study was conducted before option B+ (providing lifelong ART to all pregnant and breastfeeding women living with HIV) was considered by the WHO and helped inform those recommendations [27] . Other studies conducted in Italy and Zimbabwe confirm the negative ramifications of nutritional deficiency in infant HIV-associated anemia, as well as the difficulty of achieving normal hemoglobin value despite nutritional supplementation [7, 28] . The MCV declined through most of the study, potentially suggesting that iron deficiency may have been a factor in our study.
While malaria infected children had lower hemoglobin levels compared to malaria uninfected children, this was not statistically significant. The increase in malaria infections in HIVuninfected children occurred primarily after 6 months of age, possibly as a result of waning maternally acquired antimalarial immunity [29, 30] , and discontinuation of exposure to two drugs with known anti-malarial activity; cotrimoxazole (administered directly to children until 6 months and to mothers indefinitely) [31] and nelfinavir (administered to mothers who were breastfeeding up to 6 months) [32] . However, nelfinavir concentrations were minimal in the plasma of these breastfed children [33] , and thus maternal nelfinavir is unlikely to have had an effect in this case. Hence, the difference could be attributed to cotrimoxazole withdrawal.
The present analysis allowed us to investigate the impact of ARVs on the occurrence of anemia during the PMTCT intervention. Zidovudine is known to have a toxic effect on hematopoiesis [17, 34] and neutrophil counts [35] . Our analysis included children not exposed to zidovudine (HIV-negative children from 6-24 months), allowing the assessment of the relationship between HIV infection and hematological parameters studied. The HIV-infected mothers were all given the same nucleoside reverse transcriptase inhibitors drugs; zidovudine and lamivudine with the additional drug being a protease inhibitor (nelfinavir) or a non-nucleoside reverse transcriptase inhibitor (nevirapine). Children were exposed to mothers' triple-ARV therapy through breast milk until 6 months of age, after which breastfeeding ceased. Our observations do not support a significant role for maternal zidovudine in the development of anemia in HIV-exposed children. First, only HIV-infected children had significantly lower levels of hemoglobin concentration from 14 weeks through 6 months of age, during which all infants, regardless of HIV status, were exposed to zidovudine via breast milk. Secondly, MCV showed a trend towards microcytosis in both HIV-1-infected and uninfected infants suggesting that zidovudine was not present in sufficient quantities to induce macrocytosis, as might have been expected [13] . These data are in line with previous findings from the same population indicating that zidovudine concentration in breast milk and infant plasma was below biologically significant quantities [33] . Thirdly, most anemia cases occurred after cessation of breastfeeding, when there was a potential of ARV exposure, with peak number of cases between 6-12 months of age. Moreover, we observed a higher hemoglobin concentration in HIV-1-infected children placed on a zidovudine-based regimen (n = 11) compared to HIV-1-infected children not on treatment (n = 8). These children were not started on ARV treatment immediately after HIV was diagnosed based on the guidelines in force at that time in which ARV initiation was based on CD4 staging [36] Our finding of higher hemoglobin levels in these children is supported by studies in resource limited settings that demonstrate increased level of hemoglobin in adult patients on ART including those on zidovudine-based regimens [37] [38] [39] . We observed a lower occurrence of severe anemia during the first six months of age compared with a similar study in Botswana that implicated mothers' triple-ARV therapy as a cause of increased infant anemia cases compared to a single-ARV regimen [40] . While the Botswana study provided one month of zidovudine prophylaxis to the newborn children, our study administered single-dose nevirapine at birth for PMTCT. It is possible that the increased occurrence of severe anemia in the Botswana study may have been due to infant zidovudine prophylaxis rather than maternal triple ARV combination therapy. Collectively, these data suggest that most anemia cases in our study were not caused by infant exposure to maternal zidovudine either in-utero or through breast milk. Our analysis also shows that red cell indices were not affected by either nevirapine or nelfinavir perinatal exposure or via breastfeeding as indicated by similar hematological indices at birth and throughout the follow up period for the two regimens. The hemoglobin profile was similar for both treatment groups and was comparable to previous observations in a study of HIV-uninfected children exposed to various combinations of ARV drugs [2] . These observations suggest that the use of triple-ARV therapy for PMTCT including breastfeeding does not significantly contribute to the development of infant hematologic abnormalities.
Most children with low hemoglobin levels had no corresponding clinical symptoms reported. This observation may have been due to misclassification associated with the use of the DAIDS toxicity tables which are derived from Western reference values known to differ from African values [41, 42] . Previous studies comparing normal reference values for hematologic parameters among African and US or European children indicate that there are differences between these groups in terms of normal values expected in healthy populations. Thus, there is need to establish locally-derived reference values for children that can be used for anemia management in western Kenya.
This analysis has several limitations. Firstly, there is no direct comparison group in this one-arm clinical trial. Secondly, we did not obtain a blood smear for malaria screening for all participants at all study visits; hence we may have underestimated the role of malaria in the observed anemia. Another limitation of this analysis was the low number of HIV-infected children. Although we did not assess the contribution of hemoglobinopathies, the prevalence of these genetic defects such as sickle cell disease (0.8%) is low in Kenya [43] . A major limitation was our inability to determine the specific etiology of anemia since we did not assess for levels of iron, iron binding capacity and ferritin among others.
In summary, anemia was most common among HIV-1-infected children, but occurred post breastfeeding, suggesting little contribution from the maternal combination ARV regimen. HIV-1-infected children on treatment also had better outcomes than HIV-1-infected children not on treatment, as indicated by significantly higher hemoglobin levels. Thus, prompt ARV treatment of HIV-infected children upon diagnosis may be associated with better hematological outcomes pending relevant evaluations of this result based on our longitudinal data analysis.
